The c-ski proto-oncogene encodes a transcriptional regulator that has been implicated in the development of different tissues at different times during vertebrate development. We identi®ed two novel paralogues of the c-ski gene family, skiA and skiB in zebra®sh (Danio rerio). The skiA protein is maternal and ubiquitous while skiB is zygotic. Overexpression of SkiA or SkiB disrupted gastrulation and resulted in a dorsalized phenotype. In situ analyses suggested that overexpression of Ski leads to a slight expansion of dorsal-axial mesoderm, diminishment or loss of ventral mesoderm and radialization of dorsal neuroectoderm. The dorsalized phenotype could be rescued by the ventral specifying factor, BMP4. These results provide evidence that Ski proteins participate in dorsal-ventral speci®cation of both neuroectoderm and mesoderm. q
Introduction
The basic body plan of the developing vertebrate embryo forms by a series of inductive events (Spemann, 1938) . In ®sh and amphibians, signals from the vegetal pole induce mesoderm in the marginal region of the embryo (Nieuwkoop, 1969; Mizuno et al., 1996 Mizuno et al., , 1999 . Further signaling in the form of diffusible factors emanates from the gastrula organizer, located on the dorsal side, which in conjunction with antagonistic signals from the ventral margin, subdivides the induced mesoderm into dorsal, lateral and ventral domains (Kessler and Melton, 1994; Solnica-Krezel and Driever, 1994; Heasman, 1997) . Some of these molecules have been identi®ed, such as the dorsalizing factors Chordin and Noggin, and the ventralizing bone morphogenetic proteins (BMPs) which act antagonistically towards each other to establish a gradient of cell fates along the dorsalventral axis (Smith and Harland, 1992; Sasai et al., 1994; Francois and Bier, 1995; Re'em-Kalma et al., 1995; Hammerschmidt et al., 1996; Neave et al., 1997) . The organizer is also involved in the induction and patterning of the ectoderm. Signals from the organizer, such as Noggin, induce a dorsal, or neural, fate while antagonistic signals from the ventral region, like the BMPs, induce non-neural ectoderm (Kelly and Melton, 1995; Neave et al., 1997; Sasai and De Robertis, 1997) . Many of the early organizer-speci®c genes encode maternal determinants including transcription factors and secreted factors, which regulate diffusible factors that act as dorsal inducers.
The c-ski proto-oncogene was originally isolated from chickens as the cellular homologue of the transforming gene v-ski transduced by the Sloan-Kettering avian retrovirus SKV Stavnezer et al., 1986) . Ski is a nuclear Sutrave et al., 1990a) transcriptional factor that does not bind DNA directly, but rather interacts with factor(s) bound to DNA (Nagase et al., 1990) such as NCoR, a transcriptional repressor of thyroid hormone receptor genes (Nomura et al., 1999) , and members of the Smad family, at least Smad2, Smad3 and Smad4 (Akiyoshi et al., 1999; Luo et al., 1999; Sun et al., 1999a,b) which act downstream of members of the transforming growth factor-b superfamily (Baker and Harland, 1997; Heldin et al., 1997; Kawabata et al., 1999) . Ski can act either as a positive or negative transcriptional regulator, depending on the physiological context of co-factors. Interaction of Ski with a protein that binds to an NFI binding-site leads to transcriptional acti-vation, while interaction with the Smad proteins leads to recruitment of N-CoR and repression of TGF-b-responsive genes (Tarapore et al., 1997; Nicol and Stavnezer, 1998; Akiyoshi et al., 1999; Luo et al., 1999; Sun et al., 1999a,b) . Ski also appears to act as a co-factor in transcriptional repression of retinoic acid receptor-a (RARa) regulated hematopoietic genes (Dahl et al., 1998) .
The association of Ski with genes that encode thyroid hormone receptors and RARs suggests that Ski may modulate anterior-posterior (A/P) axis formation via Hox genes (Krumlauf, 1994; Essner et al., 1999) in developing vertebrate embryos. However, transgenic studies suggest other roles for Ski. Initial studies implicated Ski in myogenesis. Overexpression of Ski in cultured avian ®broblasts induced transformation, enhanced proliferation and terminal differentiation to muscle cells Colmenares and Stavnezer, 1989; Colmenares et al., 1991) and a transgenic mouse that expressed high levels of transgenic Ski in skeletal muscle displayed hypertrophy of fast skeletal muscle ®bers (Sutrave et al., 1990b) . Although these studies showed the involvement of Ski in myogenesis, ski is not expressed in a muscle-speci®c manner. In both embryos and adults, ski transcripts are present at low levels in many tissues of several vertebrate species (Stavnezer, 1988; Sleeman and Laskey, 1993; Namciu et al., 1995) , with the highest levels found within the cerebellum and lungs (Grimes et al., 1993; Lyons et al., 1994) . A transient increase of ski expression occurs in regions of the central nervous system (CNS) undergoing proliferation and differentiation. ski expression in the mouse peaks on embryonic days 8.5±9.5 in the ventral neural tube where motor neurons are differentiating, and in migrating neural crest cells (Lyons et al., 1994) . A ski knockout mouse resulted in perinatal lethality due to exencephaly, a failure to close the cranial neural tube (Berk et al., 1997) . Mice de®cient in ski also displayed defective neuronal patterning and variable reductions in skeletal muscle mass, suggesting that Ski not only acts in muscle development but that it has a signi®cant role in the formation, or patterning, of the CNS.
Thus, Ski apparently functions in several developmental pathways in early embryogenesis in different tissues at different times. The zebra®sh (Danio rerio) offers a way to examine more closely the importance of Ski in vertebrate development. Owing to the partial tetraploidization of its genome, many genes in zebra®sh have been duplicated , which genetically distributes multiple functions to multiple loci. We isolated two distinct paralogues of the c-ski gene family from zebra®sh that we named skiA and skiB. Their spatial and temporal patterns of expression were different, suggesting that indeed multiple roles of Ski had been divided between the two genes. Transient overexpression of synthetic Ski mRNA in zebra®sh embryos was used to investigate the developmental pathways affected by each gene. Zebra®sh overexpressing skiA and skiB showed distinct morphological effects that suggest Ski functions in parallel roles in the dorsal-ventral (D/V) patterning of both neuroectoderm and mesoderm, rather than in A/P patterning.
Results

Isolation of zebra®sh c-ski genes
We screened a zebra®sh genomic library, provided by Dr W. Sauerbier, with the SstI fragment of the chicken c-ski cDNA (provided by Dr S. Hughes) and isolated partial ®rst exon sequences of two related zebra®sh ski genes, designated skiA and skiB. The genomic DNA fragments were used to identify cDNAs from a zebra®sh post-somitogenesis cDNA library, which contained the apparent full-length coding regions for both genes. The skiA cDNA is 2781 bp while skiB is 3316 bp and their open reading frames encode polypeptides of 727 and 695 amino acids with predicted molecular weights of 81 and 79 kDa, respectively. The two cDNAs are 78% identical and the proteins are 87% identical to each other. SkiA is most similar to the chicken Ski protein (86% identity), while SkiB is most similar to the human Ski protein (82% identity). Both skiA and skiB contain two copies of the mRNA destabilization signal, AUUUA, in their 5 H -UTRs, similar to Xenopus and chicken ski where these motifs are located in the 3 H -UTRs (Sutrave and Hughes, 1989; Sleeman and Laskey, 1993) . Fig. 1 shows a comparison of zebra®sh, chicken, human and Xenopus Ski predicted amino acid sequences (zSKIA, zSKIB, cSKI, hSKI and xSKI, respectively). The predicted exon borders, based on those reported for the chicken ski gene (Sutrave and Hughes, 1989; Grimes et al., 1992) , are indicated above the sequence stacks. SkiA and SkiB appear to lack an exon (2* in Fig. 1 ) so far found exclusively in chicken ski between exons 1 and 2. Both SkiA and SkiB contain two predicted alpha-helices at the amino terminus (Colmenares and Stavnezer, 1990) and two predicted coiled-coils which consist of tandem repeats and a leucine zipper at the carboxyl terminus (Sleeman and Laskey, 1993; Zheng et al., 1997) . In addition, we found zebra®sh SkiA and Xenopus Ski contain a predicted, third coiled-coil at the carboxyl terminus of exon one ( Fig. 1 ; double dashed-line). While the two carboxyl-terminal coiled-coils were predicted and shown to form protein dimers (Sleeman and Laskey, 1993; Heyman and Stavnezer, 1994; Zheng et al., 1997) , the amino-terminal coiled-coil in zebra®sh SkiA and Xenopus Ski may be used in trimer formation (Wolf et al., 1997) .
Analysis of c-ski temporal and spatial expression
We examined the temporal and spatial expression of both skiA and skiB by whole-mount in situ hybridization in order to determine potential roles for these paralogues. Maternally contributed transcripts of skiA were present in oocytes and located ubiquitously from the one-cell stage until the midblastula transition (MBT), when zygotic transcription is initiated in the embryo ( Fig. 2A,B) . Zygotic skiA transcripts were present uniformly in the embryo from MBT until late somitogenesis (2C±F). RNase-protection analysis with skiA or skiB antisense riboprobes hybridized to homogenates of staged embryos showed that skiA transcripts were present in all pre-MBT embryonic stages and throughout 24 hours post-fertilization (hpf). In contrast, skiB transcripts were not detected until after early-somitogenesis (11 hpf; Kaufman, 1998) . After somitogenesis, skiA transcripts were restricted to anterior structures including the anterior CNS, lens, otic vesicles and hatching gland (2G±I). From 36 through 55 hpf, skiA transcripts were also present in the developing pectoral ®n bud (Fig. 2I,J) . skiA expression was present in these structures as late as 75 hpf (Kaufman, 1998) . skiB was expressed coincidentally with skiA from 11 through 75 hpf (data not shown). These results show that ski expression extended beyond the skeletal muscle lineage, especially into developing neural tissues and other selected structures.
Whole-mount immunohistochemistry (IHC) using a monoclonal anti-chicken Ski antibody (Colmenares et al., 1991) that cross-reacts with other Ski species was done to determine whether there was tissue-speci®c translation of ski transcripts, which would be indicative of translational regulation. Our results showed that zebra®sh Ski protein was ®rst detectable in nuclei at the 128-cell stage (2.25 hpf; Fig. 2K ,L) in each cell of the blastoderm through the germ-ring stage. The appearance of the protein occurred about two to three cleavage cycles before the onset of detectable zygotic transcription at the mid-blastula transition (MBT). There was no difference in the spatial expression of the ski transcript and protein through 5.5 hpf, but there was either temporal regulation of translation of ski mRNAs or Ski protein levels were too low to be detected before the 128-cell stage.
Phenotypes associated with ectopic c-ski expression
The roles of gene products can be investigated by either inactivation or misexpression. Site-speci®c inactivation of genes has not been reliably achieved in zebra®sh embryos using antisense RNA (Barabino et al., 1997) , ribozymes (Xie et al., 1997) or double-stranded RNA (Wargelius et al., 1999; Li et al., 2000) . These methods are not useful due to the relatively low rate of full inactivation coupled with high background of non-speci®c effects. Moreover, many genes have multiple family members that can compensate for the loss of one or more of the genes (Kastner et al., 1995; Krezel et al., 1996) . Accordingly, we tried the second approach, misexpression, to examine potential early roles of SkiA and SkiB. We microinjected synthetic skiA or skiB mRNA into one-or two-cell stage zebra®sh embryos and found that excess Ski protein localized to nuclei as early as the 8-cell stage (Kaufman, 1998) . skiA-or skiB-injected embryos developed like their non-injected siblings until midgastrulation (about 8 hpf) when injected embryos displayed a disruption in normal gastrulation. Microinjection of 70 pg of skiA or skiB mRNA resulted in 85% (127/149) and 70% (69/99), respectively, of the embryos developing abnormally, whereas injection of a control, lacZ mRNA, had little effect on development (Table 1) . Injected chicken ski mRNA had effects similar to that of skiA and skiB.
The abnormal phenotypes in skiA or skiB-injected embryos were most striking by early somitogenesis (12 hpf; Fig. 3B±D ) when ski-injected embryos became distinctly oblong compared to normal, spherical embryos (Fig. 3A) . The abnormal embryos were similar to dorsalized zebra®sh embryos resulting from injection of noggin mRNA (Neave et al., 1997) or Li 1 -treatment (Joly et al., 1993; Stachel et al., 1993) and displayed a range of phenotypic severity similar to the mutant dorsalization phenotypes (C1± C5; Mullins et al., 1996; Kishimoto et al., 1997) . Three general classes of severity in skiA-and skiB-injected embryos were observed: mild (13% of the abnormal embryos for skiA-injected and 28% of the abnormal embryos for skiB-injected), consisting of the oblong phenotype (Fig. 3B) ; moderate (29 and 16%), also oblong but with a premature extension of tail structures from the yolk ( Fig  3C) ; and severe (58 and 56%), in which the migration of cells over the yolk (epiboly) was halted (Fig. 3D ). Severe embryos often burst and died after 12 hpf as the blastopore closed on the protruding yolk cell. While notochords in mild ski-injected embryos were typically of wild-type width (Fig.  3B , black arrows), the somitic furrows were longer and more closely spaced than in normal embryos, but never observed to encircle the embryo (Fig. 3B , red arrows). In some severe embryos, two or more short notochords could be observed (Fig. 3D , black arrowheads).
After 1 day of development, mild embryos exhibited shortened anteroposterior axes compared to non-injected embryos, skinny trunks and kinked tails, like the C2 dorsalized class (compare Fig. 3E with F). In moderate embryos, the prematurely extended tail was curled up and back upon itself and in a classic`bustled' or`snail-shell' phenotype, like the C3±C4 classes (Fig. 3G ). Neural patterning was also disturbed in some of the mild and moderate embryos. Severe embryos that did not burst lacked any discernible axes or structure, and generally appeared as blobs of cells with a circumferential constriction around the yolk, similar to the C5 class (Fig. 3H) . The moderate and especially the severe phenotypes often lacked blood cells and/or beating-hearts. Since blood and heart are derivatives of ventral and lateral mesoderm (Kimmel et al., 1990 (Kimmel et al., , 1995 , respectively, this suggested a reduction or de®ciency of ventral and lateral mesoderm in these embryos. The apparent induction of a dorsalized phenotype by overexpression of ski suggested that in skiA-and skiB-injected embryos dorsal mesoderm was expanded at the expense of ventral mesoderm.
In these experiments, the total amount of injected mRNA was held constant by the addition of lacZ mRNA (Table 1) . To ensure that the effects of ski mRNA injections were due to their translated products rather than to RNA itself, ski mRNA containing an engineered premature stop codon (cc-ski.PSC) was tested. The shortened polypeptide of 18 amino acids led to only a 3% (background) level of abnormal embryos (Table 1) . The development of identical phenotypes in a similar percentage of embryos by microinjection of either zebra®sh or chicken ski mRNA (88% from skiA, 85% from skiB, and 90% from chicken ski mRNA injections) suggests a conservation of Ski functions in these diverse vertebrate species and an ability of the zebra®sh ski genes to compensate for the loss of one or the other gene.
c-ski overexpression affects dorsal-ventral patterning of mesoderm
We examined the effect of ski microinjection on expression of the shield-speci®c homeobox gene goosecoid (gsc), by whole-mount in situ hybridization to test the hypothesis that in skiA-or skiB-injected embryos dorsal mesoderm was expanded at the expense of ventral mesoderm. The zebra®sh shield, located on the dorsal side, is the functional equivalent of the dorsal organizer in other vertebrate embryos (Shih and Fraser, 1996) . In wild-type embryos at 6 hpf, gsc is expressed in the mesoderm of the shield, which subsequently forms anterior axial mesoderm (Stachel et al., 1993; Schulte-Merker et al., 1994a) . Embryos injected with skiA or skiB mRNA exhibited the same level of gsc expression, but with a mild lateral expansion within the germ ring at the shield stage (Fig. 4A,B) . The pattern of gsc expression is consistent with an increased range of formation of dorsal-axial mesoderm, at the expense of ventral mesoderm. This possibility was tested by examining the expression pattern of eve, which is expressed in ventral and lateral mesoderm during gastrulation in normal zebra®sh embryos (Joly et al., 1993) . The level of eve expression was maintained, but its distribution was markedly condensed in severe, skiA-and skiB-injected embryos at the shield stage (Fig. 4C,D) . Thus, the reduction of eve expression in ventral mesoderm paralleled the expansion observed for gsc expression in dorsal mesoderm and supported the idea that ski-overexpression increased dorsal mesoderm at the expense of ventral mesoderm. However, the extent of gsc expansion was not as dramatic as that seen for Li 1 -treated embryos in which gsc expression was radialized and eve expression was abolished (Joly et al., 1993; Stachel et al., 1993) . This suggests that anterior-mesoderm in skiA-or skiB-injected embryos was only mildly expanded.
To assess further the effect of ski overexpression on mesodermal patterning in late gastrulation and early somitogenesis, expression of GATA-1, pax2 and myoD were investigated. GATA-1 is initially expressed at the 2-somite stage in ventrally located cells that give rise to the erythroid lineage (Detrich et al., 1995; Long et al., 1997) . Embryos injected with skiA or skiB mRNA showed a reduction in GATA-1 expression in mildly affected embryos to a complete loss in severely affected embryos (data not shown), consistent with our morphological observation of lack of blood cells in severely affected Ski-injected embryos. pax2 is normally expressed in the nephritic primordium located in ventral-lateral mesoderm at 10±12 hpf (Krauss et al., 1991; Fig. 4E ). Overexpression of skiA or skiB mRNA resulted in a diminishment and ventral displacement of the pax2 expression domain, or a complete loss of pax2 expression in ventral-lateral mesoderm, depending on severity of the phenotype (Fig. 4F,G) . Normally, myoD is expressed in adaxial cells adjacent to the axial mesoderm and in a discrete portion of each somite, perpendicular to the adaxial expression (Weinberg et al., 1996; Fig. 4H) . Embryos injected with skiA or skiB mRNA showed at early somitogenesis either a diminishment of adaxial and paraxial expression (Fig. 4I) , or unilateral (Fig. 4J ) to bilateral loss of paraxial expression (Fig. 4K ). We did not observe any instances of radial expansion of paraxial myoD expression, as seen in Li 1 -treated embryos (C.D.K., unpublished observation) or the dorsalized mutants snailhouse, somitabun and swirl (Mullins et al., 1996; Schmid et al., 2000) . The loss of paraxial myoD expression was unexpected due to our morphological obser- vation of narrowed and elongated somitic furrows (Fig. 3B,  red arrows) . This suggests that dorsal lateral mesoderm was not greatly expanded, consistent with our results with gsc expression. However, these results do not rule out the possibility that ski overexpression delayed expression of myoD in the somites.
Overexpression of Ski resulted in an apparent increase in dorsal mesodermal fates with a reduction or loss of ventral fates. The extracellular signaling molecules Noggin and Chordin act antagonistically towards the BMPs to establish a gradient of positional information that patterns the mesoderm from dorsal to ventral fates (Smith and Harland, 1992; Sasai et al., 1994; Francois and Bier, 1995; Re'em-Kalma et al., 1995; Hammerschmidt et al., 1996; Neave et al., 1997) . Accordingly, to examine whether Ski functions within this pathway of dorsal-ventral speci®cation, we tested whether microinjection of bmp4 mRNA could rescue the dorsalized phenotype of Ski overexpression, similar to the rescue of the dorsalizing effect of lithium treatment by BMP4 (Fainsod et al., 1994) . Embryos were injected with skiA, skiB or bmp4 mRNA alone, or bmp4 mRNA coinjected with either skiA or skiB mRNA. Embryos injected with bmp4 alone developed the typical range of ventralized phenotypes (V1±V4; Hammerschmidt et al., 1996; Kishimoto et al., 1997; Neave et al., 1997;  Table 2 ). However, coinjection of bmp4 with either skiA or skiB mRNA shifted the phenotype from dorsalized back towards normal, and at higher doses of bmp4 mRNA, the phenotype shifted past normal to ventralized (Table 2) . Thus, the phenotype exhibited was dependant on the relative ratio of skiA or skiB to bmp4 mRNA, suggesting that Ski and BMP4 can act antagonistically towards each other to establish a gradient of cell fates along the dorsal-ventral axis.
The severe class (C5) of skiA-and skiB-injected embryos also were defective in dorsal axial patterning, including the formation of multiple or branched notochords (Fig. 3D) . If overexpression of Ski leads to an expansion of the dorsal organizer such that multiple convergence-extension events were induced, then other genes speci®c to dorsal axialmesoderm formation should also be expressed. Accordingly, the expression patterns of the no tail (ntl) and axial genes were examined. ntl is a member of the T-box family of transcription factors and is required for the formation of posterior axial structures (Schulte-Merker et al., 1992 , 1994b . ntl is expressed transiently in wild-type embryos during gastrulation in involuting mesoderm but is maintained in posterior axial mesoderm, including the notochord (Fig. 5A) . In skiA-or skiB-injected embryos at the shield stage, the distribution of ntl mRNA was relatively unaffected within the shield but was lost in random patches in the ventral and lateral germ ring (data not shown), suggesting that ski overexpression inhibited expression of ntl in ventral and lateral mesoderm. During late gastrula and early somitogenesis ntl mRNA distribution was spectacularly altered, suggesting the presence of branched or dual, adjacent notochords (Fig. 5B,C) . When two notochords were present, they were generally parallel and adjacent to each other, rather than on opposing sides of the embryo, and their anterior ends almost always curved towards each other (Fig. 5C) . However, in a few rare cases, ntl mRNA staining was not coherently organized, but rather was scattered in ectopic patches across the embryo (Fig. 5D ). These experiments suggested overexpression of skiA and skiB disrupted patterning of the dorsal-ventral axis. If so, then a marker speci®c to dorsal axial mesoderm would reveal ski-induced disruptions in dorsal-axial patterning. Axial, a member of the fork head/HNF3 family of transcription factors (Strahle et al., 1993) , appears in normal embryos at 80% epiboly (8.5 hpf) in dorsal-axial mesoderm in a triangular shape, with the base of the triangle situated at the margin and the apex pointing toward the animal pole (Fig. 5E) . At the end of gastrulation, the domain of axial expression was stretched and thinned as axial expressing cells extended along the midline (Fig. 5H) . In skiA-or skiB-injected embryos at 80% epiboly, axial expression was broader and less dense than normal (Fig. 5F ), consistent with the observed expansion of gsc expression (Fig. 4B ) and the suspected expansion of axial mesoderm. The lowered and diffuse intensity of axial staining in ski-injected embryos compared to non-injected embryos suggested that the number of axial expressing cells was unchanged but in®ltrated by non-expressing cells (Fig. 5E,F) . In contrast to the loss of ntl expression seen within ventral and lateral mesoderm, ectopic expression of axial was observed in ventral and lateral mesoderm (Fig. 5F, arrow) indicating an activation of axial expression by overexpression of skiA and skiB. An exaggerated example of doubled axial expression is seen in Fig. 5G , where two triangular expression domains were seen, possibly a result of either the formation of an ectopic organizer or two adjacent convergence-extension events. Other examples of altered expression of axial, indicative of branched or multiple notochords, were also observed (Fig. 5I,J) . The perpendicular domains of axial expression shown in Fig. 5J may have resulted from migration of the marginal cells ectopically expressing axial (Fig. 5F, arrow) towards the animal pole during gastrulation. Thus, the expression patterns of ntl and axial as well as gsc are consistent with Ski proteins playing an important role in dorsal-ventral patterning.
c-ski overexpression disrupts neural patterning
In addition to affecting dorsal mesoderm, neural patterning was also disrupted in skiA-or skiB-injected embryos (Fig. 6) . By 24 hpf, 16% (10/63) of abnormal embryos from injection of skiA or 36% (14/39) from skiB mRNA exhibited brain abnormalities only, suggesting that neural patterning was more sensitive to skiB overexpression than skiA. The brain abnormalities ranged from abnormal patterning to a complete lack of patterning with a loss of the midbrain-hindbrain border and abnormal eye development whose defects ranged from abnormally formed eyes (Fig. 6B) to loss of either one or both eyes, or fusion of both at the ventral midline (cyclopia). Some of the mild and moderately abnormal embryos were also de®cient in normal brain patterning (e.g. Fig. 3G ). These results demonstrate that elevated levels of Ski can alter the formation or patterning of the neuroectoderm, similar to what was seen following overexpression of thyroid hormone receptor a 1 in zebra®sh (Essner et al., 1999) .
To examine further the effects of overexpression of skiA and skiB on neuroectoderm formation and patterning, we examined the expression of the neural-speci®c marker genes krox-20 and engrailed. Krox-20 is expressed in the hindbrain in rhombomeres 3 and 5 (Oxtoby and Jowett, 1993) . Compared to non-injected embryos (Fig. 6C) , many embryos injected with either skiA or skiB mRNA displayed a dramatic radial expansion of krox-20 expression laterally towards the ventral side, completely encircling the embryo in severe embryos (Fig. 6D) . Expression of krox-20 was always extended along the dorsal-ventral axis rather than the anterior-posterior axis. To determine if the midbrain was similarly affected, the homeoprotein Engrailed (Eng), which is normally expressed at the midbrain-hindbrain border (Fjose et al., 1992) , was analyzed by IHC. In ski-injected embryos, Eng expression was extended laterally to the ventral side of the embryo, again circling the embryo in severe cases (Fig. 6E,F) . Like krox-20, the anterior-posterior limits of Eng expression were not affected. Additionally, expression of pax2 within the ectoderm of the posterior midbrain (Krauss et al., 1991) was radially expanded to the ventral side in ski-injected embryos (Fig. 4F,G) . Consistent with the results from the previous analyses of dorsal and ventral mesodermal tissues, these data suggest overexpression of ski caused an expansion of dorsal neuroectoderm at the expense of ventral, nonneural ectoderm.
Discussion
Zebra®sh contain two divergent forms of ski cDNA
The zebra®sh genome contains two unique homologues of the c-ski gene family, skiA and skiB that are closely related to ski genes identi®ed in other vertebrates. A second Xenopus ski cDNA, Xski2, has been isolated, but it is more than 95% identical to Xenopus Xski1 (Amaravadi et al., 1997) whereas zebra®sh skiA and skiB are only 78% identical. The high similarity between Xenopus Xski1 and Xski2 may be a result of the genome duplication in Xenopus, which may also have occurred in the partially tetraploid zebra®sh genome Postlethwait et al., 1999) . Both zebra®sh ski cDNAs encode full-length proteins that contain all the functional domains predicted for a Ski protein. Structural analysis of the Ski proteins by computer algorithms predict the existence of an additional coiled-coil forming alpha-helix within exon one of only zebra®sh SkiA and Xenopus Ski1 (Wolf et al., 1997) . This coiled-coil domain has been predicted to be involved in the formation of trimers as opposed to the dimer forming carboxyl terminal coiled-coil domains (Sleeman and Laskey, 1993; Heyman and Stavnezer, 1994; Zheng et al., 1997) . The signi®cance of this is not known, but could be a result of the two distinct forms of Ski present in zebra®sh and Xenopus which would allow another form of transcriptional regulation by Ski proteins through the formation of different combinations of dimers and, possibly, trimers. Consequently, the different combinations could allow delicately regulated activities during development similar to those of the retinoic acid/thyroid hormone receptor subfamily of steroid receptor proteins (Kastner et al., 1995) . Indeed, the Ski protein has the ability to interfere with nuclear hormone receptor signaling pathways (Dahl et al., 1998; Nomura et al., 1999) that are involved with anterior-posterior axis formation and CNS development in zebra®sh (Essner et al., 1999) . Coincidentally, some nuclear hormone receptor genes (Jones and Smith, 1995) and the hox genes ) on which they operate have been partially duplicated as have the Ski genes. This may re¯ect a division of duties for their gene products . Our results suggest that SkiB may function predominantly in neuroectoderm patterning, based on the timing and location of skiB expression and the higher percentage of skiB-injected embryos with the brain abnormalities only phenotype compared to skiA-injected embryos (16±36%, respectively; Fig 6B) . However, unexpectedly we found that in zebra®sh, perturbation of Ski levels affects D/V patterning rather than A/P axis formation. The linkage of the two sets of pathways for axis formation presently is unclear.
Temporal and spatial expression of ski in zebra®sh embryos
Expression of skiA is ®rst maternal and ubiquitous and later becomes tissue-speci®c. The ski genes in Xenopus and axolotl are also expressed maternally (Sleeman and Laskey, 1993; Ludolph et al., 1995) . The presence of SkiA before the onset of zygotic transcription at MBT suggests it plays a role in the regulation of early zygotic genes. Our IHC analysis revealed the initial presence of SkiA protein within nuclei in a ubiquitous manner shortly before MBT supporting this idea by showing SkiA is present at the right time and in the right place. The effect of ski overexpression in zebra®sh embryos on the early zygotic genes gsc, ntl and axial strongly suggests that Ski could be a positive regulator of gsc and axial and a negative regulator of ntl. A consequence of this hypothesis is that Ski would act as a maternal determinant to regulate zygotic expression of organizer-speci®c transcription factors such as gsc and/or axial mainly to de®ne D/V partitioning.
By late somitogenesis, skiA transcripts are restricted to the anterior CNS, whereas transcripts of skiB are not detectable until after 11 hpf, well after early developmental events mediated by skiA. However, their coincident patterns of expression after 24 hpf allow for their concerted action in the anterior CNS. The tissue-speci®c expression of skiA and skiB in the forebrain, midbrain, pectoral ®n buds, optic and otic placodes, and the hatching gland is consistent with their participation in the development of those structures. Ludolph et al. (1995) reported the presence of ski expression in developing and regenerating limb blastemas of the amphibian axolotl. The teleost pectoral ®n is an analogous structure to the vertebrate forelimb, hence vertebrate Ski may have the same function in limb and ®n development. Our results suggest that the two ski genes do not encode proteins with identical roles; rather each has a major role in pattern determination although over-expression of either produces some overlap in developmental consequences (Fig. 7A) .
Overexpression of c-ski results in altered dorsal-ventral patterning of mesoderm and ectoderm
Previous reports have suggested a bifunctional role for Ski in skeletal muscle and neural development by regulating Fig. 7 . Proposed mechanisms of Ski's function at the morphological and molecular levels. (A) Relationship between Ski expression and embryonic patterning events. The diagram at the top illustrates the apparent divergent and overlapping functions of SkiA and SkiB during development. The graph shows a representative schematic of the relative expression levels of skiA and skiB mRNA during the ®rst 24 hours of zebra®sh development (Kaufman, 1998) cell proliferation and terminal differentiation (Colmenares and Stavnezer, 1989; Lyons et al., 1994; Berk et al., 1997) . Our results suggest a novel role for Ski proteins in the dorsal-ventral patterning of zebra®sh embryos. We make this conclusion from the observation that overexpression of skiA or skiB resulted in a mild expansion of dorsal mesoderm at the expense of ventral mesoderm, and a complete radialization of neuroectoderm. Expansion of anterior dorsal-axial mesoderm was indicated by the expansion of both gsc and axial expression domains within the dorsal organizer at the expense of ventral mesoderm. The more severely affected embryos exhibited loss of blood and posterior structures, re¯ected by the reduction in eve and GATA-1 expression in ventral and lateral mesoderm. Overexpression of ski also caused the formation of branched or dual notochords. Since secondary axis formation was never observed, and injection of either skiA or skiB mRNA into single blastomeres of 8-or 16-cell embryos did not cause ectopic organizer formation (data not shown), Ski does not appear to have organizer properties. Instead, formation of multiple notochords appears to be a result of the lateral expansion of the organizer region, possibly due to a failure of mesodermal cells to properly converge to the midline, leading to an enlarged organizer region and induction of multiple convergence-extension events that can form multiple notochords (see Fig. 9 in Stachel et al., 1993) . Accordingly, we conclude that c-ski induces ectopic axial structures in zebra®sh due to an expansion of the organizer ®eld rather than an induction of an ectopic organizer.
Most striking was the effect of ski overexpression on neuroectoderm patterning. Analysis of krox-20 expression in the rostral hindbrain, pax2 in the posterior midbrain and eng protein in the MHB in skiA-or skiB-injected embryos at the early somitogenesis stage revealed a lateral expansion of expression of the markers towards the ventral side, or in severe embryos, radialized expression. In no case was expression altered in the anteroposterior plane; only dorsal-ventral patterning of neuroectoderm was affected. The presence and proper localization of these markers veri®ed that neural epithelium was properly speci®ed to hindbrain and midbrain identity, respectively, although brain morphology was often quite disturbed. otx-2 expression in ski-injected embryos at early somitogenesis was normal with respect to the A/P plane, indicating that the anteriormost neural identities were also properly speci®ed, but otx-2 expression was also expanded laterally to the ventral side similar to the midbrain and hindbrain regions (Kaufman, 1998) . In summary, our results suggest that Ski is a regulator of the dorsal-ventral boundaries of the neural plate. Two observations in other model systems support our proposal. First, mice de®cient for ski fail to close the cranial, but not caudal, neural tube and also exhibit patterning defects in skeletal structures derived from cranial neural crest cells (Berk et al., 1997) . Second, ectopic expression of Xski2 in Xenopus embryos autonomously induced formation of a partial secondary axis, consisting mainly of neural tube structures (Amaravadi et al., 1997) . Neither notochord nor muscle tissues were observed in the secondary partial axis. Moreover, ski-induced neurogenesis in Xenopus was not secondary to mesoderm induction. In contrast, we show that misexpression of ski affected both mesoderm and neuroectoderm in zebra®sh, although not equally. Ectoderm was completely changed to a dorsal fate in severely affected embryos, whereas dorsal mesoderm was only slightly expanded and ventral mesodermal fates were diminished or lost. Furthermore, skiA and skiB overexpression in zebra®sh greatly altered axial structures, including the formation of ectopic notochords. Thus, ski overexpression in Xenopus and zebra®sh have different effects, dorsalization of neuroectoderm and to some extent mesoderm in zebra®sh rather than formation of a partial secondary neural axis as in Xenopus.
The results from injections of variable amounts of bmp4 and ski mRNA leads us to propose that Ski acts to establish patterning of the D/V axis via modulation of downstream targets of BMP signaling molecules (Fig. 7B) as was shown for TGF-b molecules (Akiyoshi et al., 1999; Luo et al., 1999; Sun et al., 1999a,b) . BMPs are extracellular signaling molecules that ventralize mesoderm and ectoderm in vertebrates. They are members of the DVR (dpp-Vg-related) gene family that is a subset of the TGF-b superfamily. BMP4 regulates the extent to which dorsally derived signals can act (Re'em-Kalma et al., 1995) and antagonism by Chordin and Noggin (Francois and Bier, 1995; Neave et al., 1997) establishes a gradient of BMP4 activity responsible for patterning the D/V axis. Interpretation of this dorsalventral gradient of BMP4 activity in the nucleus involves members of the Smad family of proteins, speci®cally Smads 1, 5 and 8 and the common Smad, Smad4 (Graff et al., 1996; Liu et al., 1996; Suzuki et al., 1997; Nakayama et al., 1998) . Our results show that coinjection of various ratios of skiA or skiB to bmp4 mRNA resulted in a gradient of dorsalized to ventralized phenotypes (Table 2 ). These results suggest that Ski and BMP4 act antagonistically towards each other in patterning the D/V axis. The reports that Ski directly interacts with Smad2, Smad3 and Smad4 to repress TGF-b signaling through repression of transcription (Akiyoshi et al., 1999; Luo et al., 1999; Sun et al., 1999a,b) is consistent with our ®ndings that Ski may be a natural repressor of BMP4 signaling. Ski does not appear to interact directly with the BMP-speci®c Smads, Smad1 or Smad5 (Akiyoshi et al., 1999; Stroschein et al., 1999) ; interaction between Ski and Smad8 has not been reported. Therefore, if Ski does modulate BMP4 signaling by repression of its transactivation through the Smad proteins, then it must involve Smad4, and possibly Smad8 and/or other yet to be identi®ed factors. Ski apparently does not repress activation of at least one BMP-responsive reporter as it did with a TGF-b reporter (Akiyoshi et al., 1999; Luo et al., 1999; Sun et al., 1999a) . It is possible that the BMP-responsive target used, Tlx (Tang et al., 1998) , is either not typical of BMP-responsive elements or that the cellular context in which Ski repression of Tlx was tested was not representative of the embryonic context in which Ski and BMP4 would normally act. Further biochemical analyses will be required to explain the molecular mechanisms behind the developmental genetics we report here ± that misexpression of the Ski genes exhibits a novel function for Ski in the patterning of the dorsalventral axis of zebra®sh embryos.
Experimental procedures
Zebra®sh stocks and embryo collection
Zebra®sh were maintained as described in a constant ow-through system (Essner et al., 1996) . Either the clonal line C32 (provided by Dr M. Wester®eld) or zebra®sh obtained from a local pet supplier and inbred for at least three generations were used for all experiments. Embryos were obtained from spontaneous spawnings, maintained at 28.58C in ®sh system water, and staged as described (Kimmel et al., 1995) .
Library screening
Approximately 10 6 plaques from a zebra®sh genomic library (supplied by Dr W. Sauerbier) were screened with the SstI fragment of the chicken c-ski cDNA clone FB29 (Sutrave and Hughes, 1989) at medium stringency (Sambrook et al., 1989) . After three rounds of plaque puri®cation, positive clones were subcloned into pBlueScript (Stratagene) and sequenced by the dideoxy chain-termination method using double-stranded DNA templates and Sequenase 2.0 (United States Biochemical).
A Hybrizap (Stratagene) zebra®sh cDNA library prepared from post-somitogenesis stage (24±30 hpf) zebra®sh embryo mRNA (supplied by Dr S. Ekker) was screened with either the SstI fragment of skiA or the XbaI/SstI fragment of skiB exon one genomic DNA. Approximately 5 £ 10 5 plaques were hybridized at high stringency (Sambrook et al., 1989) with the skiA and skiB probes. Plasmids were excised in vivo from the positive phage clones and subcloned into pBlueScript (Stratagene). Sequences (Iowa State Sequencing Facility) were analyzed with the BLAST computer program (Altschul et al., 1990) . Nucleic acid and protein sequence analyses were carried out using the Genetics Computer Group software package (Madison) and the Multicoil algorithm (Wolf et al., 1997) .
Whole-mount in situ hybridization
Whole-mount in situ hybridizations were performed as described (Puschel et al., 1992) . Permeabilization of embryos with Proteinase K was limited to 2 min and stopped by a 2 mg/ml glycine wash in PBST (Joly et al., 1993) . Hybridization to digoxygenin-labeled antisense riboprobes was carried out at 658C. Sense and antisense digoxygeninlabeled RNA probes were prepared from either the fulllength skiA or skiB cDNA or the 3 H -region of skiA or skiB cDNA corresponding to base-pair positions 1514±2781 or 1258±2537 of the full-length cDNAs, respectively. Template for the antisense gsc riboprobe was prepared by linearizing pZG10.3 (Stachel et al., 1993) with BamHI. Antisense eve riboprobe template was prepared by linearizing pBS3 H eve1 (Joly et al., 1993) with EcoRI. Antisense ntlriboprobe template was prepared from pZfc2(T) (Schulte-Merker et al., 1992) linearized with XhoI. Antisense axial (Strahle et al., 1993) riboprobe template was linearized with DraI. Template for antisense krox-20 was prepared by linearizing pBSkrx20 (Oxtoby and Jowett, 1993) with PstI. pax2 antisense template (Krauss et al., 1991) was linearized with EcoRI, GATA-1 antisense template (Detrich et al., 1995) was linearized with XbaI, and myoD antisense template (Weinberg et al., 1996) was linearized with BamHI. Transcription reactions were performed with either the T3, T7 or Sp6 polymerase in the presence of digoxygenin-11-UTP (Boehringer Mannheim) using the Maxiscript in vitro Transcription kit (Ambion).
Whole-mount immunohistochemistry
Whole-mount immunohistochemistry was performed as described (Halpern et al., 1993) . Embryos were incubated overnight at 48C with the monoclonal, anti-chicken c-ski antibody G8, (provided by Dr E. Stavnezer; Colmenares et al., 1991) . Non-injected embryos were incubated in G8 antibody diluted 1:25. Secondary goat anti-mouse IgG (Sigma) was preabsorbed to 1% adult zebra®sh acetone powder as described (Jowett and Lettice, 1994; Strahle et al., 1994 ) and absorbed at a 1:500 dilution to embryos. Tertiary monoclonal mouse peroxidase anti-peroxidase (PAP) complex (Sigma) was absorbed at 1:100 dilution to embryos. skiinjected embryos were incubated in a 1:100 dilution of G8 antibody in block. Secondary goat anti-mouse horse-radish peroxidase (HRP)-conjugated Fab fragments (Boehringer Mannheim) were absorbed at a 1:500 dilution to embryos. The monoclonal antibody against Drosophila invected (provided by Dr T. Hays) was used to localize zebra®sh eng protein. The primary antibody was absorbed at a 1:1 dilution to ®xed embryos. The PAP complex procedure was followed as above. To visualize staining, embryos were soaked for 15 minutes in 0.5 mg/ml diaminobenzidine (DAB), 1% DMSO and 0.05 M sodium phosphate pH 7.4, and color developed by the addition of 2.5 ml/ml 3% hydrogen peroxide.
Constructs and production of synthetic mRNA
The following cDNAs in pBlueScript (Stratagene) were used for production of synthetic mRNA. Zebra®sh skiA cDNA was subcloned into the EcoRI/XhoI site (pSK-S041). The coding region of skiA was ampli®ed by PCR and subcloned into the EcoRV site of pSK-b placing it upstream of the Xenopus b-globin 3 H UTR (pSK-S041/b) thereby increasing the stability of microinjected RNA. Zebra®sh skiB cDNA was subcloned into the EcoRI site (pSK-M042). The coding region of skiB was ampli®ed by PCR and subcloned into the EcoRV site of pSK-b (pSK-M042/b). The ClaI fragment of the chicken c-ski cDNA clone FB29 was subcloned into the ClaI site upstream of pSK-b (pSK-skib). Ch-ski.PSCb is pSK-skib with a premature stop codon engineered at codon 18 by PCR mutagenesis as described (Michael, 1994) . The mutagenic primer sequence was 5 H -ACTGCAGAAGACCTAGGAA-CAGTTTCATCT-3
H . The underlined nucleotide indicates the T±A base change that gave a UAG stop codon. pNLSlacZ had the initiation context changed to an optimal consensus for translation initiation of a SV40 nuclear localization signal upstream of the lacZ gene and SV40 poly(A) 1 signal (R. Essner, unpublished results). pzbmp-4/pSP was digested with BamHI (Nikaido et al., 1997) . Synthetic RNA was transcribed from the T3, T7, or Sp6 promoter using either the Megascript in vitro Transcription kit (Ambion) in the presence of 6mM cap analog ( 7m GpppG) or the mMessage mMachine kit (Ambion) following manufacturer's directions. Zebra®sh embryos were microinjected with 1 nl of mRNA at the one-to two-cell stage.
